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1
FLAT SIC SEMICONDUCTOR SUBSTRATE

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a divisional of U.S. patent application
Ser. No. 13/959,896 filed Aug. 6, 2013 which claims the
benefit of, and priority to, U.S. Provisional Patent Application
No. 61/719,310, filed on Oct. 26, 2012, entitled “FLAT SIC
SEMICONDUCTOR SUBSTRATE,” the entire disclosure of
which is hereby incorporated herein by reference.

BACKGROUND

1. Field

This disclosure relates to fabrication of semiconductor
wafers and, more specifically, to semiconductor wafers made
of silicon carbide.

2. Related Arts

The semiconductor chip industry owes much of its success
to the natural properties of silicon. These properties include
the ease of growing native oxide (Si0,), the excellent insu-
lating properties of its native oxide, and the relative ease of
fabrication of silicon wafers and devices within the silicon
wafers. For example, silicon and its native oxide are easily
etched using either wet or dry plasma etch processes. Conse-
quently, many processes have been developed for fabrication
of highly pure (99.9999999% pure), monocrystalline, and
relatively large (300 mm, with preparation underway for 450
mm) silicon wafers. Silicon wafers are the primary material
used in the fabrication of chips for computing and power
electronics.

Other materials, such as, e.g., Sapphire, GaN (Gallium
Nitride), AIN (Aluminum Nitride) and SiC (silicon carbide),
exhibit properties useful in fabrication of semiconductor
devices such as detectors, light emitters and power devices;
however, to date their adoption in main-stream fabrication has
been hampered due to the difficulties in their fabrication.
Generally, standard silicon processes cannot be implemented
when working with these other semiconductor materials. For
example, while pure monocrystalline silicon can be easily
grown using the Czochralski growth method, such a growth
method cannot be used for growing SiC. Instead, a high
temperature sublimation method must be employed. Simi-
larly, since SiC cannot be easily etched, standard silicon
wafering techniques cannot be easily employed for wafering
SiC.

On the other hand, high-temperature/high-voltage semi-
conductor electronics can benefit from the natural properties
of SiC. For example, SiC is used for ultrafast, high-voltage
Schottky diodes, MOSFETSs and high-temperature thyristors
for high-power switching, and high power LEDs. Therefore,
increasing the availability of SiC can contribute to the devel-
opment of such semiconductor devices. For example, current
production of 100 mm SiC wafers lags far behind the standard
300 mm silicon wafer.

Additionally, in single crystal silicon carbide, complex
doping profiles in transistors and diodes cannot be reliably
formed by diffusion. Complex geometrical doping configu-
rations must be accomplished using ion implantation thru
micron/submicron geometry masks formed using stepper-
based photolithographic methods. In order to realize the
required implantation for the targeted dopant incorporation
within the semiconductor, flat substrates must be used in the
photolithographic process, especially as the geometric size of
the device increases.
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Generally, semiconductor substrates are characterized by
several metrics when being assessed for flatness and rough-
ness. These metrics include bow, warp, total thickness varia-
tion (TTV or Global Backside Indicated Reading—GBIR),
local thickness variation (LTV or Site Backsurface-refer-
enced Ideal Plane/Range—SBIR), and site front side least
squares focal plane range (site flatness quality require-
ments—SFQR). (for definitions and calculations see, e.g.,
SEMIM1-1103, ASTM F657, ASTM F1390, ASTM F1530).

In addition to being flat, the substrates must also be smooth
and free of mechanical damage on the surface. This require-
ment is mandatory, as part of the device fabrication process
the substrate will be placed into a chemical vapor deposition
epitaxy process, which is used to grow crystalline thin films.
As the thin film grows, it replicates the crystal structure pre-
sented on the substrate’s surface. Consequently, excessive
roughness and mechanical damage on the substrate’s surface
would result in poor film quality.

The most common methods of producing flat and smooth
substrates involve a sequential series of material cutting steps
to gradually achieve a high level of flatness and low rough-
ness. Hach polishing step uses smaller and smaller abrasive
particles to reduce the surface roughness to the target. Pol-
ishing pads with strategically chosen mechanical properties
are chosen to control the “planarization length” which influ-
ences the final waviness of the substrate and achieve the local
flatness objectives.

For example, in silicon substrate processing, wafers are
sliced and then treated with a lapping or grinding process to
make each face of the substrate parallel, achieving global
flatness. But these processes result in a significant amount of
mechanical damage to the surfaces of the substrate and can
result in increased bow or warp of the substrate. To remove
the damage, the silicon wafers are typically immersed in a
chemical solution which is used to etch the surface damage.
This process, generally referred to as saw damage removal,
can render the substrate surface quite wavy, and subsequent
flattening processes must be applied. Next, to bring the sub-
strate to the targeted thickness range, a series of procedures
known as stock removal are applied. In silicon processing,
stock removal includes one or several polishing steps using
chemical mechanical polishing processes which are used to
efficiently reduce the thickness of the substrate to near the
target thickness and reduce waviness. Next the wafer is fur-
ther polished with finer abrasive chemical mechanical polish-
ing processes, long planarization length polishing pads and
with small removal targets, in order to achieve the required
flatness and roughness specifications. While there are many
steps, the duration of the process from lapping/grinding to
completion is only several hours, and it can deliver silicon
wafers having the flatness and roughness performance
required to meet lithography targets, even after CVD (chemi-
cal vapor deposition) epitaxy layers are applied to the sub-
strate.

Several publications describe methods to polish silicon
wafers to achieve control of both global and local flatness.
Most common among these methods for silicon wafers is a
series of slicing, edge chamfering, lapping or grinding, etch-
ing, polishing, where the polishing steps are single or double
side polishing—or both types used sequentially. Double side
polishing is described in U.S. Pat. No. 3,691,694. U.S. Pat.
No. 6,583,050 details methods used to achieve control of
silicon wafer flatness which employ double side polishing.

However, due to its nature as a hard and chemically resis-
tant material, cutting, grinding and polishing methods for
single crystal SiC resort to use of diamond and metal carbide
abrasives for the primary shaping of the substrates. The
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chemical properties of SiC are such that it is not practical to
etch the substrate to remove gross cutting related surface
damage. When silicon wafers are polished, methods of
chemical mechanical polishing are used and the removal of
material is very efficient since the polishing chemistry can
oxides etch and abrade the wafer at the same time. It is not
practical to employ chemical enhanced mechanical polishing
on SiC since the chemical reaction rates are very slow and the
costs associated with the process become very high.

The diamond abrasives required to process SiC are very
costly compared to the standard abrasives that are used to
polish silicon substrates. The SiC polishing times are quite
long even with diamond abrasives—the material removal
rates for SiC are 5-20 times slower than the corresponding
silicon substrate process. In fact, SiC is the abrasive material
used to cutand polish silicon wafers. Inefficient removal rates
and expensive abrasives make the process to polish SiC
extremely costly, especially when conventional strategies to
produce flat wafers are applied to SiC.

In order to meet the commercial and economic require-
ments for acceptance of SiC semiconductor devices, innova-
tive methods to polish SiC substrates must be developed.
Efficient methods of cutting and polishing SiC substrates with
minimum use of abrasives and minimum intermediate steps
must be realized. The polishing process duration must be
practical for high volume manufacturing. The overall perfor-
mance of the polishing strategy must also achieve the wafer
surface crystal quality benefits (smooth and free of damage)
that would normally be obtained by bulk chemical etch pro-
cedures like that used in silicon polishing. Finally the pol-
ished substrate must be suitable for epitaxy processes and the
final substrate with epitaxy layer must meet the flatness
requirements associated with the photolithography steps
needed in the fabrication of the electrical device.

U.S. Pat. No. 8,436,366 describes a method to prepare SiC
wafers that will result in control of the wafer global flatness
during epitaxy and device fabrication. The method consists of
slicing the SiC wafer followed by double-side grinding to
adjust the flatness, double-side lapping with diamond slurry
to reduce the roughness, double-side mechanical polishing
with diamond slurry to further reduce the roughness and
single side chemical mechanical polishing. The method states
asequence of steps targeted to control the bow and warp of the
wafer, but does not detail the interplay between the steps
which impact the wafer flatness parameter or the impact of
each step on the final wafer shape, only double-side process-
ing is cited as the key element. The method does not disclose
means to control local flatness metrics or resulting perfor-
mance of local flatness/thickness metrics. With the inclusion
of many different material removal steps the result will be
high manufacturing costs. This polished wafer is designed to
have a flatness performance that is offset that is to compensate
for undesirable bending of the wafer which can occur during
the steps to manufacture a semiconductor device.

The unexpected result of the present invention is that a
silicon carbide wafer can be polished with good global AND
local flatness and thickness using a simple method. The
method requires a lapping OR sequential two side grinding
step to establish a low value global and local flatness, and to
set the thickness, and a double side polish step to reduce
roughness to an acceptable value. A key feature of this inven-
tion is the use of large diameter lapping and polishing equip-
ment to simultaneously control and maintain both local and
global flatness. Wafer etching is not required to achieve flat-
ness or thickness control, nor is it necessary to use etching to
remove mechanical damage. Both the global and local flat-
ness performance achieved on the polished wafer of this
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invention can be maintained following chemical mechanical
polish steps used to reduce the RMS roughness to small
values and alternatively, after a gas phase etch is performed
and SiC epitaxy film layer is applied to the surface of the
polished wafer. As a result of the polished wafer manufactur-
ing strategy, the final epitaxy wafer has favorable global and
local flatness performance which will result in better utility to
manufacture semiconductor devices with large active area.

SUMMARY

The following summary of the invention is included in
order to provide a basic understanding of some aspects and
features of the invention. This summary is not an extensive
overview of the invention and as such it is not intended to
particularly identify key or critical elements of the invention
orto delineate the scope of the invention. Its sole purpose is to
present some concepts of the invention in a simplified form as
a prelude to the more detailed description that is presented
below.

Various embodiments provide methods for efficiently pol-
ishing an SiC wafer to achieve a surface free of mechanical
damage and applying an epitaxial layer, and simultaneously
delivering superior performance with respect to flatness.
Without being bound by any theory, some disclosed methods
are predicated on the discovery that the propagation of pol-
ishing damage from abrasives used on SiC follows a unique
behavior. Strategic integration of SiC wafer polishing meth-
ods involving different abrasives, intermediate process tar-
gets and batch processing equipment with larger diameter
lap/polish tables have been found to result in a cost efficient
process meeting the process duration and quality goals suit-
able to sell the product within the power semiconductor
industry.

In order to fabricate large area (>0.75 cm?) power semi-
conductor devices in SiC, the substrate must be flat on both a
local and global level after the epitaxial layer has been
applied, as CVD epitaxy can degrade the thickness variation
or flatness relative to the polished substrate. The polished
substrate flatness depends on the complex interactions of
several manufacturing steps (slice/lapping or grinding/pol-
ishing). It is also discovered that a synergistic result can be
obtained with a judicious selection of interdependent steps to
achieve the critical flatness and roughness targets using prop-
erly selected polishing equipment and abrasives.

According to aspects of the invention, a method for fabri-
cating single crystal SiC wafers is provided, the method com-
prising the steps of: (i) slicing an ingot of single crystal SiC
into a plurality of wafers, wherein each wafer conforms
simultaneously to total thickness variation of less than 10 um
and warp of less than 35 pum; (ii) chamfering circumferential
edge of each ofthe wafers of step (1); (iii) lapping the front and
back surfaces of each of the wafers of step (ii); and (iv) double
side polish of each wafer from step (iii); to thereby fabricate
wafers having total thickness variation of 0.1-5 pum, warp
between 0.1 and 35 um, local thickness variation of 0.1-1.5
um, and site front side least squares focal plane range, SFQR
0.01-0.3 um, based on a one square cm site size. U.S. Pat. No.
8,436,366 does not disclose a process which will establish
low values of global and local thickness variations and flat-
ness on either polished wafers or polished wafers with epi-
taxial layers.

According to other aspects, a polished SiC wafer having a
back surface and a front surface conditioned for epitaxial
deposition is provided, wherein the front surface has rms
roughness of Rq<15 A. Due to the nature of the double side
polishing process, the back surface has similar value of RMS
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roughness. Further, the wafer has total thickness variation
(TTV) of 0.1-5 pm and local thickness variation (LTV) of
0.1-1.5 um, based on a one square centimeter site size. Addi-
tionally, the wafer exhibits warp between 0.1 and 35 pm and
site front side least squares focal plane range 0£0.01-0.3 um,
based on a one square cm site size. When the polished wafer
is used for epitaxial deposition of SiC layer on the front
surface thereof, the wafer retains good global and local flat-
ness and thickness performance.

In one aspect, provided herein is a substrate comprising a
polished silicon carbide wafer having a back surface and a
front surface, the front surface conditioned for epitaxial depo-
sition, wherein the polished silicon carbide wafer has local
thickness variation (LTV) of 0.1 to 1.5 um and site front side
least squares focal plane range (SFQR) of 0.01 to 0.3 pm,
based on a one square cm site size.

In one embodiment of this aspect, the front surface has rms
roughness of Rq<15 A.

In another embodiment of this aspect, the substrate has a
total thickness variation (TTV) in the range 0.1 to 5 um.

In another embodiment of this aspect, the substrate further
has warp of 0.1 to 35 pm.

Inanother aspect, provided herein is a single-crystal silicon
carbide substrate comprising a back surface and a front sur-
face, the front surface having an epitaxial layer of SiC grown
thereupon, the substrate with the epitaxial layer exhibiting
local thickness variation (LTV) 0f 0.1 to 1.8 um and site front
side least squares focal plane range (SFQR) of 0.01 to 0.45
um, based on a one square cm site size.

In one embodiment of this aspect, the substrate with the
epitaxial layer further simultaneously exhibiting total thick-
ness variation (TTV) of 0.1 to 6 um and warp 0f 0.1 to 40 um.

In another embodiment of this aspect, the root mean square
roughness value Rq of the front surface is less than 2 nm as
measured on a 2.0x2.0 um site size.

In another embodiment of this aspect, the substrate simul-
taneously exhibits total thickness variation (TTV) 0.1 to 5
pum, warp of 0.1 to 35 pum, local thickness variation (LTV) 0.1
to 1.5 um, and site front side least squares focal plane range
(SFQR) 0f0.01 to 0.3 um, based on a one square cm site size.

In another aspect, provided herein is a method for fabricat-
ing single-crystal silicon carbide wafers, comprising: (i) slic-
ing an ingot of single crystal silicon into a plurality of wafers;
(i1) chamfering circumferential edge of each of the wafers of
step (1); (iii) performing saw damage removal from front and
back surfaces of each of the wafers of step (ii); and (iv)
simultaneous polishing of both surfaces of each wafer of step
(iii); to thereby fabricate wafers having local thickness varia-
tion (LTV) of 0.1 to 1.5 um and site front side least squares
focal plane range (SFQR) of 0.01 to 0.3 um, based on a one
square cm site size.

In one embodiment of this aspect, in step (i), each wafer
conforms simultaneously to total thickness variation (TTV)
of'less than 10 um and warp of less than 35 um.

In another embodiment of this aspect, to thereby fabricate
wafers having total thickness variation (TTV) of 0.1to 5 um,
warp of 0.1 to 35 um, and local thickness variation (LTV) of
0.1 to 1.5 um, based on a one square cm site size.

In another embodiment of this aspect, the step of saw
damage removal is performed using a lapping tool having
surface of diameter at least three times larger than diameter of
the wafer.

In another embodiment of this aspect, the substrate slices
are lapped on a two sided lapping machine with table diam-
eter at least three times larger than the diameter of the wafer.
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In another embodiment of this aspect, where following
slicing the substrates are processed using a single wafer,
diamond wheel grinder, one side at a time.

In another embodiment of this aspect, the step of polishing
is performed using a polishing tool having surface of diameter
at least three times larger than diameter of the wafer.

In another embodiment of this aspect, the step of polishing
is performed by placing the wafers in stainless steel carriers.

In another embodiment of this aspect, the step of polishing
is performed so as to remove 25% as much SiC as was
removed in the step of saw damage removal.

In another embodiment of this aspect, the method further
comprises applying chemically enhanced mechanical polish-
ing to the front surface.

In another embodiment of this aspect, the step of applying
chemically enhanced mechanical polishing is performed
using a polisher with diameter greater than three times the
wafer diameter.

In another embodiment of this aspect, the method further
comprises etching the front surface of the wafer in a CVD
chamber using a gas mixture containing hydrogen and/or
chlorine gases at temperature greater than 1300° C.

In another embodiment of this aspect, the method further
comprises treating the front surface with a chemical enhanced
mechanical polish and/or a high temperature gas phase etch,
and thereafter depositing an epitaxial layer of SiC on the front
surface.

In another embodiment of this aspect, the step of saw
damage removal is performed so as to remove 60 to 85 um of
SiC material from each wafer, and the polishing step is per-
formed so as to remove a quarter of the amount of SiC mate-
rial removed during the saw damage removal step.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings, which are incorporated in
and constitute a part of this specification, exemplify the
embodiments of the present invention and, together with the
description, serve to explain and illustrate principles of the
invention. The drawings are intended to illustrate major fea-
tures of the exemplary embodiments in a diagrammatic man-
ner. The drawings are not intended to depict every feature of
actual embodiments nor relative dimensions of the depicted
elements, and are not drawn to scale.

Inthe drawings, where like reference numerals refer to like
features in the specification:

FIG. 1 is a flow chart illustrating the general steps of a
method for fabricating SiC wafers according to an embodi-
ment of the invention.

DETAILED DESCRIPTION

It should be understood that this invention is not limited to
the particular methodology, protocols, etc., described herein
and as such may vary. The terminology used herein is for the
purpose of describing particular embodiments only, and is not
intended to limit the scope of the present invention, which is
defined solely by the claims.

Asusedherein and in the claims, the singular forms include
the plural reference and vice versa unless the context clearly
indicates otherwise. Other than in the operating examples, or
where otherwise indicated, all numbers expressing quantities
used herein should be understood as modified in all instances
by the term “about.”

All publications identified are expressly incorporated
herein by reference for the purpose of describing and disclos-
ing, for example, the methodologies described in such publi-
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cations that might be used in connection with the present
invention. These publications are provided solely for their
disclosure prior to the filing date of the present application.
Nothing in this regard should be construed as an admission
that the inventors are not entitled to antedate such disclosure
by virtue of prior invention or for any other reason. All state-
ments as to the date or representation as to the contents of
these documents is based on the information available to the
applicants and does not constitute any admission as to the
correctness of the dates or contents of these documents.

Unless defined otherwise, all technical and scientific terms
used herein have the same meaning as those commonly
understood to one of ordinary skill in the art to which this
invention pertains. Although any known methods, devices,
and materials may be used in the practice or testing of the
invention, the methods, devices, and materials in this regard
are described herein.

Some Selected Definitions

Unless stated otherwise, or implicit from context, the fol-
lowing terms and phrases include the meanings provided
below. Unless explicitly stated otherwise, or apparent from
context, the terms and phrases below do not exclude the
meaning that the term or phrase has acquired in the art to
which it pertains. The definitions are provided to aid in
describing particular embodiments of the aspects described
herein, and are not intended to limit the claimed invention,
because the scope of the invention is limited only by the
claims. Further, unless otherwise required by context, singu-
lar terms shall include pluralities and plural terms shall
include the singular.

As used herein the term “comprising” or “comprises” is
used in reference to compositions, methods, and respective
component(s) thereof, that are essential to the invention, yet
open to the inclusion of unspecified elements, whether essen-
tial or not.

Asused herein the term “consisting essentially of” refers to
those elements required for a given embodiment. The term
permits the presence of additional elements that do not mate-
rially affect the basic and novel or functional characteristic(s)
of that embodiment of the invention.

The term “consisting of” refers to compositions, methods,
and respective components thereof as described herein,
which are exclusive of any element not recited in that descrip-
tion of the embodiment.

Other than in the operating examples, or where otherwise

indicated, all numbers expressing quantities used herein
should be understood as modified in all instances by the term
“about.”” The term “about” when used in connection with
percentages may mean +1%.
The singular terms “a,” “an,” and “the” include plural ref-
erents unless context clearly indicates otherwise. Similarly,
the word “or” is intended to include “and” unless the context
clearly indicates otherwise. Thus for example, references to
“the method” includes one or more methods, and/or steps of
the type described herein and/or which will become apparent
to those persons skilled in the art upon reading this disclosure
and so forth.

Although methods and materials similar or equivalent to
those described herein can be used in the practice or testing of
this disclosure, suitable methods and materials are described
below. The term “comprises” means “includes.” The abbre-
viation, “e.g.” is derived from the Latin exempli gratia, and is
used herein to indicate a non-limiting example. Thus, the
abbreviation “e.g.”” is synonymous with the term “for
example.”

To the extent not already indicated, it will be understood by
those of ordinary skill in the art that any one of the various
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embodiments herein described and illustrated may be further
modified to incorporate features shown in any of the other
embodiments disclosed herein.

The following examples illustrate some embodiments and
aspects of the invention. It will be apparent to those skilled in
the relevant art that various modifications, additions, substi-
tutions, and the like can be performed without altering the
spirit or scope of the invention, and such modifications and
variations are encompassed within the scope of the invention
as defined in the claims which follow. The following
examples do not in any way limit the invention.

The following provides examples of fabrication methods
according to embodiments of the invention, which result in
substrates suitable for photolithographic-based device fabri-
cation. The various methods provide substrates having the
required specifications of bow, warp, total thickness varia-
tion, local thickness variation, and site front side least squares
focal plane range.

Embodiments for producing SiC wafers follow the general
process outlined here and illustrated in FIG. 1. In step 100 an
SiC ingot is obtained. SiC ingots are typically grown using a
sublimation process. The ingot can be cropped (not shown) to
obtain the general shape desired, e.g., a cylinder having a
circular or square cross-section. In step 105 the ingot is sliced
into thin wafers. Then, in step 110 the circumferential edge of
each wafer is chamfered. As is known, slicing of the ingot
causes surface and sub-surface damage to the cut wafers. In
this embodiment, a lapping or grinding process is used in step
115 to remove a certain thickness, e.g., 50-100 microns, from
working on both surfaces of the wafer, thereby removing the
slicing damage and flattening the wafer in one step. The
lapping is followed by a double-side polishing process in step
120. After polishing the wafers are ready for epitaxial growth
in step 125; however, optionally the surface used for epitaxial
growth can be further smoothed using chemical mechanical
polishing (CMP) in step 130, prior to the epitaxial growth of
step 125.

An example will now be provided with more specificity. As
before, the example starts with the slicing of the SiC crystal.
As SiC is much harder than silicon (SiC is 9.5 on Mohs
hardness scale, while Si is 7), slicing of an SiC ingot requires
modifying the standard silicon slicing methods. For example,
SiC slurry, which is generally used for slicing silicon ingots,
cannot be used for slicing SiC ingots. Instead, a diamond
slurry must be used (diamond is 10 on Mohs hardness scale).
A fixed abrasive diamond wire has also been investigated,
such that no diamond slurry is needed. However, in this par-
ticular example, the slicing is performed using a multi-wire
saw and diamond slurry, configured to deliver slices conform-
ing simultaneously to TTV of 10 um or less and warp of 35 um
or less. The slicing parameters of slice rate, abrasive size and
flow are commonly adjusted to minimize the formation of
slice marks on the surface of the slices. Specifically, it is
found that when the TTV exceeds 10 um the correction of this
value in later process steps leads to undesirable expense.
Therefore, the slicing parameters are tuned to deliver
TTV<10 pm during the slicing process.

Next, the wafer edge is chamfered. This is done prior to
lapping in order to avoid chipping at the circumference of the
wafer or cracking during the lapping. Chamfering of silicon
wafers is disclosed in, for example, U.S. Publication 2009/
0324896; however, in this invention the chamfering is done
using a diamond grinding wheel (to account for the hardness
of SiC) with a trapezoidal groove shape.

Saw damage removal is done by lapping or grinding. A
conventional lapping machine is disclosed in, for example,
U.S. Pat. No. 4,582,561. However, it is found that to properly
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use lapping and polishing for current size SiC wafers (76-150
mm), lapping and polishing equipment with diameter greater
than 20 inches (about 500 mm) is required. That is, the lap-
ping and polishing tools’ surface should be at least three times
the diameter of the SiC wafer in order to control both the
global and local wafer thickness and flatness.

As noted, lapping is used for saw damage removal, as
slicing can result in a wavy surface—here lapping is used to
make the wafer flat and surfaces parallel. In one example, a
double-sided diamond abrasive lap machine of diameter
greater than 20 inches is used to remove material simulta-
neously on both sides of the sliced wafer. The mean diamond
particle size range for this step is 4-12 um. Alternatively, a
diamond wheel grind is applied sequentially to each side to
remove material on each side of the sliced wafer. The typical
diamond abrasive size used on the grind wheel is typically
from 500-2000 mesh (about 25-5 um). Typical net removal
target, from both surfaces of the wafer, using either method is
from 60to 85 um. The amount removed from both surfaces is
generally even, such that about 30-45 pm is removed from
each surface. The amount removed must eliminate the surface
damage and slicing marks of the slicing process, and can
typically be achieved in less than one hour. The TTV and warp
of the processed wafers must be smaller than the incoming
post slice value.

A stock polish process step follows the saw damage
removal step. A double sided diamond slurry polish process is
performed on a machine of diameter greater than 20 inches to
remove the mechanical surface damage material from both
sides ofthe lapped/grinded wafer and the thickness is reduced
to approximately the targeted value. The wafers are placed in
stainless steel carriers, since the diamond slurry would erode
standard Polytetrafluoroethylene (PTFE) carriers. The stock
polish step can be performed in one step or separated into
several steps with slurries having different mean particle size
distribution in order to maximize efficiency of removal and
achieve the desired final surface roughness. The typical
amount of material removed is about 25% that of the lapping
step. The process time is typically 2-4 hours depending on the
particles sizes of the abrasives used. The best results are
obtained when the last polish step is conducted using a dia-
mond slurry with median particle size, ranging from 0.45-
0.55 pm, resulting in a mirror-like surface.

It has been discovered that this integrated process will
deliver a polished wafer which has a mirror-like surface. The
wafer obtained from the above example satisfies all of the
specifications: rms roughness Rq 10-15A on both the pre-
epitaxy wafer face and opposite wafer face, TTV<5 pm,
LTV<1.5 pm, SFQR<0.3 um, all for site size 1x1 cm? This
wafer can be used in epitaxy if a pre-epitaxy, gas phase high
temperature surface etch step is applied before CVD growth
to globally remove the remaining mechanical subsurface
damage, typically corresponding to 0.5-2.0 nm of etching.
For example, the etching can be performed using a gas mix-
ture containing hydrogen and orhalogen containing gases at
temperature greater than 1300° C.

Alternatively, the side of the wafer targeted for epitaxy can
be further polished using a chemical-enhanced mechanical
polishing process (chemical oxidation) which can be, for
example, an alumina or silica abrasive in a solution which
oxidizes the wafer surface as it is eroded. Less than 1 um is
removed and the subsurface damage is nearly eliminated.
Following the embodiments of the invented method, the flat-
ness metrics associated with the wafer are essentially
unchanged after this step (less than +/-10%), while the
roughness value, Rq, is below 0.5 nm on the face polished
using chemical mechanical polishing.
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SiC epitaxy is then deposited on the wafer. Any standard
technologies known by those skilled in the art for the growth
of SiC by chemical vapor deposition can be applied. The
epitaxial deposition can be tuned at the CVD tool using tem-
perature uniformity, pressure and flow, so that the wafer TTV
and LTV remain essentially unchanged (less than +/-20%).
The final wafer exhibits limited or no step bunching on the
epitaxy surface due to the flatness of the starting polished
wafer.

EXAMPLE 1

The process flow disclosed above and illustrated in FI1G. 1,
was employed to fabricated 4H-SiC wafers of 75 mm and 100
mm diameters. The wafers exhibited resistivity range of
0.015-0.028 ohm cm. For steps 100-105-110, SiC ingots were
machined into right cylinders. The cylindrical ingots were
mounted on a plastic beam and placed into a multiwire saw.
The ingots were cut using wire and a flow of diamond slurry
directed onto the periphery of the ingot. The beam was
removed from the saw and based into a bath to separate the
slices from the beam. The slices were rinsed and placed into
a cassette. The wafers were transferred to an automated edge
grinding system where a trapezoidal edge profile was formed
using a diamond wheel. The process follows the guidelines of
SEMI Standard MS55.

For step 115, saw damage removal was conducted using
lapping or grinding, as indicated. Lapping was performed
simultaneously on both wafer sides using lapping machine
with diameter >40 inches. Wafers were placed into several
stainless steel carriers located on the lapping table. The table
was made of iron and slurry containing diamond particles was
directed onto the table surface while the carriers were rotated
between lapping plates. In a separate effort, grinding was
performed using single wafer process and sequentially grind-
ing each side of the wafer using a bonded diamond grinding
wheel instead of lapping. After material was removed from
the wafers, in either case, the wafers were washed and rinsed.

Step 120, polishing, was performed simultaneously on
both wafer sides using polishing machine with diameter >40
inches. Urethane polishing pads covered the polishing table
top and bottom plates. Wafers were placed into several stain-
less steel carriers located on the polishing table. Polishing
slurry containing diamond particles was directed onto the
table surface during the polishing process, while the carriers
were rotated between polishing plates. After material was
removed from the wafers, the wafers were washed and rinsed.

For samples processed using step 130, CMP polish, wafers
were placed into one of several pockets formed from plastic
carriers which were connected to one of three polishing heads
on a single side polishing system with diameter larger than 20
inches. Each polishing head can hold several wafers depend-
ing on wafer diameter. A urethane cloth was placed on the
polishing table. The polishing heads were lowered onto the
table and the table rotated and polishing slurry with oxide
abrasive particles was directed onto the table while the table
rotated.

For samples processed using step 125, epitaxy, CVD films
of'SiC were deposited on polished wafers using a batch CVD
system. Wafers were placed onto a graphite susceptor and into
the vacuum chamber. The chamber was pumped to vacuum
and the susceptor was heated using RF induction heating to
temperature above 1500° C. First, a mixture of gases contain-
ing hydrogen and hydrogen chloride was fed to the chamber
to etch the surface of the wafers. The system was evacuated
and filled to the process pressure with hydrogen. A mixture of
nitrogen, silicon and carbon gases was introduced to the
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chamber to form the film. The final film thickness was 10 pm
and the film doping was in the range of 3-6x10'%cm?>.

Testing of SiC substrate wafers has been performed using
an MTI Instruments Incorporated AutoScan 200 measure-
ment system. This is a capacitance based wafer shape test
with calculations aligned with ASTM/SEMI standards (TTV
ASTM/SEMI F533, bow ASTM/SEMI F534, warp ASTM/
SEMI F1390 and flatness ASTM/SEMI F1530-02). The site
size for the SBIR and SFQR measurement was 1x1 cm.
Roughness was evaluated using a Digital Instruments Inc.
atomic force microscope in tapping mode. A 2x2 micrometer
site in the center of the wafer was evaluated. It is noted that
U.S. Pat. No. 8,436,366 does not use the same measurement
protocol to measure TTV, the figures in U.S. Pat. No. 8,436,
366 show a back side referenced, or chucked, measurement
while the TTV measurements reported in this work are based
on a floating substrate. As a result the comparison of TTV
values between this invention and U.S. Pat. No. 8,436,366 is
not direct.

Table 1 lists the measurements of flatness of 76 mm diam-
eter polished SiC wafer. For this wafer, saw damage removal
was done with lapping and polishing was processed thru the
chemical mechanical polish step.

Measurement Value (microns)
Center Thickness 399.1
Average Thickness 398.6
Minimum Thickness 397.6
Maximum Thickness 399.3
TV 1.7
Bow 0.5
Warp 23.3
SORI 15.8
GBIR 1.7
Maximum SFQR 17
Maximum SBIR 0.51
RMS Roughness AFM (2 x 2 pm site) 0.072 x 1073

Table 2 lists the measurements of flatness of 100 mm
diameter polished SiC wafer. For this wafer, saw damage
removal was done with grinding and polishing was processed
thru the stock polish step.

Measurement Value (microns)
Center Thickness 358.8
Average Thickness 358.41
Minimum Thickness 357.8
Maximum Thickness 358.9
TV 1.05
Bow -9.3
Warp 15.6
SORI 15.3
GBIR 1.05
Maximum SFQR 0.20
Maximum SBIR 0.88
RMS Roughness AFM (2 x 2 pm site) 0.741 x 1073

Table 3 lists measurements of flatness of 76 mm diameter
SiC wafer with 10 um epitaxial film. For this wafer, saw
damage removal was done with grinding, and polishing was
processed thru the stock polish step.

Measurement Value (microns)
Center Thickness 372.1
Average Thickness 371.9
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-continued

Measurement Value (microns)
Minimum Thickness 3714
Maximum Thickness 372.2
TV 0.79
Bow -7.30
Warp 15.2
SORI 14.2
GBIR 0.79
Maximum SFQR 0.21
Maximum SBIR 0.58

Table 4 lists the measurements of flatness of 100 mm
diameter SiC wafer with 10 um epitaxial film. For this wafer,
saw damage removal was done with grinding, and polishing

was processed thru the stock polish step.

Measurement Value (microns)
Center Thickness 372.7
Average Thickness 372.9
Minimum Thickness 372.6
Maximum Thickness 3733
TV 0.73
Bow -2.85
Warp 15.6
SORI 10.0
GBIR 0.73
Maximum SFQR 0.23
Maximum SBIR 0.38

It should be understood that processes and techniques
described herein are not inherently related to any particular
apparatus and may be implemented by any suitable combi-
nation of components. Further, various types of general pur-
pose devices may be used in accordance with the teachings
described herein. The present invention has been described in
relation to particular examples, which are intended in all
respects to be illustrative rather than restrictive. Those skilled
in the art will appreciate that many different combinations
will be suitable for practicing the present invention.

Moreover, other implementations of the invention will be
apparent to those skilled in the art from consideration of the
specification and practice of the invention disclosed herein.
Various aspects and/or components of the described embodi-
ments may be used singly or in any combination. Itis intended
that the specification and examples be considered as exem-
plary only, with a true scope and spirit of the invention being
indicated by the following claims.

The invention claimed is:
1. A method for fabricating single-crystal silicon carbide
wafers, comprising:
(1) slicing an ingot of single crystal silicon into a plurality
of wafers;
(i1) chamfering circumferential edge of each of the wafers
of step (1);
(ii1) performing saw damage removal from front and back
surfaces of each of the wafers of step (ii); and
(iv) simultaneous polishing of both surfaces of each wafer
of step (iii); to thereby fabricate wafers having local
thickness variation (LTV) of 0.1 to 1.5 um and site front
side least squares focal plane range (SFQR) of 0.01 to
0.3 um, based on a one square cm site size.
2. The method of claim 1, wherein, in step (i), each wafer
conforms simultaneously to total thickness variation (TTV)
of'less than 10 um and warp of less than 35 pm.



US 9,165,779 B2

13

3. The method of claim 1, to thereby fabricate wafers
having total thickness variation (TTV) 0f 0.1 to 5 um, warp of
0.1 to 35 pm, and local thickness variation (LTV) 0of 0.1 t0 1.5
um, based on a one square cm site size.

4. The method of claim 1, wherein the step of saw damage
removal is performed using a lapping tool having surface of
diameter at least three times larger than diameter of the wafer.

5. The method of claim 3 wherein the substrate slices are
lapped on a two sided lapping machine with table diameter at
least three times larger than the diameter of the wafer.

6. The method of claim 3 where following slicing the
substrates are processed using a single wafer, diamond wheel
grinder, one side at a time.

7. The method of claim 1, wherein the step of polishing is
performed using a polishing tool having surface of diameter
at least three times larger than diameter of the wafer.

8. The method of claim 5, wherein the step of polishing is
performed by placing the wafers in stainless steel carriers.

9. The method of claim 6, wherein the step of polishing is
performed so as to remove 25% as much SiC as was removed
in the step of saw damage removal.
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10. The method of claim 1, further comprising applying
chemically enhanced mechanical polishing to the front sur-
face.

11. The method of claim 8, wherein the step of applying
chemically enhanced mechanical polishing is performed
using a polisher with diameter greater than three times the
wafer diameter.

12. The method of claim 1, further comprising etching the
front surface of the wafer in a CVD chamber using a gas
mixture containing hydrogen and/or chlorine gases at tem-
perature greater than 1300° C.

13. The method of claim 1, further comprising treating the
front surface with a chemical enhanced mechanical polish
and/or a high temperature gas phase etch, and thereafter
depositing an epitaxial layer of SiC on the front surface.

14. The method of claim 1, wherein the step of saw damage
removal is performed so as to remove 60 to 85 pum of SiC
material from each wafer, and the polishing step is performed
s0 as to remove a quarter of the amount of SiC material
removed during the saw damage removal step.
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